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results	 broadly	 corroborate	our	 previous	 conclusions	on	birds	 and	bees	but	 show	




undergoing	 large	 shifts	 in	 land	use	 change.	Nowhere	 is	 this	more	
true	than	in	China,	which	combines	a	high	level	of	native	biodiversity	
(Tao,	Huang,	Jin,	&	Guo,	2010)	with	a	large	human	population	that	























tecting	 native	 forests	 in	 the	 upstream	watersheds	 of	 the	 Yangtze	
and	Yellow	rivers	(Liu	et	al.,	2008;	Ren	et	al.,	2015).	The	GFGP	com-
plements	the	NFPP	by	controlling	soil	erosion	on	sloping	land.	The	






However,	 relative	 to	 their	 scale	 and	 budgets,	 little	 is	 known	
about	 the	biodiversity	 consequences	of	China's	 land-sustainability	
programmes,	 even	 though	 an	 important	 and	 expected	 co-benefit	
is	biodiversity	conservation	 (Wu	et	al.,	2019).	 In	a	 recent,	massive	
review,	Bryan	et	al.	(2018)	were	able	to	cite	only	one	study	on	the	
consequences	of	China's	 large-scale	 reforestation	programmes	 for	








&	 Liu,	 2014;	 Yin	 et	 al.,	 2009).	 A	 better	 understanding	 of	 the	 bio-
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with	croplands,	plantations	are	known	to	support	different	species	
assemblages,	with	potentially	higher	levels	of	biodiversity,	although	
there	 are	 indications	 that	 croplands	 in	 low-intensity	 agricultural	
systems—which	the	croplands	retired	under	GFGP	tend	to	be	 (Hu,	
Fu,	Chen,	&	Gulinck,	2006)—may	support	considerable	biodiversity	
which	 potentially	 exceeds	 that	 associated	with	 plantations	 (Allan,	
Harrison,	 Navarro,	 Wilgen,	 &	 Thompson,	 1997;	 Buscardo	 et	 al.,	





and	 bee	 communities	 in	 GFGP-related	 tree	 covers	 in	 south-cen-
tral	 Sichuan,	 comparing	 native-forest	 remnants	 to	 GFGP-financed	
tree-cover	 types,	 which	 include	 monoculture	 stands	 of	 bamboo,	
Eucalyptus	and	Japanese	cedar,	as	well	as	“mixed	plantations”,	which	
are	 mostly	 patchworks	 (checkerboards)	 of	 two	 to	 five	 different	
monocultures	and,	to	a	 lesser	extent,	bona fide	 tree-level	mixtures	
(Hua	 et	 al.,	 2018).	Most	 importantly,	 this	 study	 documented	 that	
bird	and	bee	species	diversities	were	higher	 in	native	 forests	 than	
in	 any	 of	 the	monocultures.	 In	 addition,	 they	 found	 that	 in	mixed	
plantations,	bird	diversity	for	non-breeding	species	was	higher	than	






The	 above	 findings,	 however,	 raise	 the	 question	 of	 why	 bird	
diversity	was	 increased	 just	by	planting	monocultures	of	different	
tree	 species	next	 to	each	other.	One	possibility	 that	 could	not	be	
investigated	in	Hua	et	al.	(2016)	is	that	general	arthropod	diversity	





arthropod	 diversity	 might	 in	 turn	 support	 more	 bird	 diversity.	 In	
addition,	 as	 a	 large	 component	 of	 biodiversity,	 how	 arthropods	
themselves	(and	subgroups	thereof)	are	affected	by	the	GFGP	is	an	





also	 found	 that	butterflies	and	dung	beetles	achieve	 low	diversity	





the	 technique	of	metabarcoding,	which	 combines	 traditional	DNA	
barcoding	 with	 high-throughput	 DNA	 sequencing	 to	 characterize	
the	 biodiversity	 of	mixed	 samples	 of	 eukaryotes	 (Cristescu,	 2014;	
Deiner	et	al.,	2017;	Yu	et	al.,	2012),	and	which	has	been	shown	to	
be	a	reliable	and	efficient	method	for	biodiversity	characterization	

















(BB),	 Eucalyptus	 (EC)	 and	 Japanese	 cedar	 (JC),	 and	 short-rotation	
mixed	 plantations	 (MP)	 of	 two	 to	 five	 tree	 species	 (including	 the	
three	 monoculture	 species).	 Monocultures	 are	 created	 by	 house-
holds	planting	the	same	tree	species	in	neighbouring	landholdings.	
Correspondingly,	mixed	 plantations	 are,	 in	most	 cases,	 created	 by	






of	 rice,	 corn	 and	 vegetables	 and	 are	 the	 land	 cover	 type	 that	 has	
been	reforested	by	GFGP.	Native	forests	are	broadleaf,	subtropical,	
evergreen	 forests	 that	 have	 been	 subject	 to	 decades	 of	 selective	
logging	and	other	forms	of	extraction.	Because	this	region	of	China	































PCR,	which	 improves	 taxon	detection	 (Elbrecht,	 Peinert,	&	 Leese,	
2017).	 DNA	 extraction	 followed	 the	 protocols	 of	Qiagen	DNeasy	
Blood	&	Tissue	Kits,	followed	by	quantification	via	NanoDrop	2000	
(Thermo	Fisher	Scientific).
We	 amplified	 a	 319-bp	 fragment	 of	 COI	 using	 forward	 primer	




with	tags	 (12–17	bp)	for	sample	 identification.	 In	the	second	round,	
we	added	Illumina	adapters	to	the	amplicons	from	the	first	PCR,	thus	
avoiding	the	tag	jumping	that	can	arise	during	library	preparation	of	























We	pooled	 the	 70	PCR	products	 into	 two	 libraries	 and	 sequenced	
on	 the	 Illumina	 MiSeq	 (Reagent	 Kit	 V3,	 300PE)	 at	 the	 Southwest	
Biodiversity	 Institute	 Regional	 Instrument	 Center	 in	 Kunming.	 The	
total	number	of	paired-end	reads	returned	was	13,601,908.
2.4 | Data analyses
The	 bioinformatic	 script,	 including	 parameters,	 for	 the	 analyses	
below	 is	 in	Supplementary	 Information	and	will	be	archived	 in	da-
tadryad.org,	along	with	sequence	data	and	metadata.	The	R	scripts	





We	 removed	 remnant	 Illumina	 adapter	 sequences	 with	
AdapterRemoval	 2.2.0	 (Schubert,	 Lindgreen,	&	Orlando,	2016),	 fol-
lowed	 by	 Schirmer	 et	 al.’s	 (2015)	 pipeline	 to	 filter,	 trim,	 denoise	
and	 merge	 read	 pairs.	 Specifically,	 we	 trimmed	 low-quality	 ends	
using	 sickle	 1.33	 (Joshi	 &	 Fass,	 2011),	 corrected	 sequence	 errors	
using	BayesHammer in SPAdes	 3.10.1	 (Nikolenko,	 Korobeynikov,	 &	
Alekseyev,	2013)	 and	merged	 reads	using	PandaSeq	 2.11	 (Masella,	










Rognes,	Quince,	 Vargas,	&	Dunthorn,	 2015),	 but	 it	 returned	 huge	
numbers	 of	 OTUs	 that	 could	 not	 be	 reduced	 even	 after	 running	
through	“lulu”	(see	below).







































that	 had	 <5	 reads	 representing	 that	OTU	 in	 that	 sample,	 as	 these	
were	more	likely	to	be	the	result	of	sequencing	error	(Yu	et	al.,	2012).	
In	 addition,	 we	 removed	 two	 samples	 (rows)	 that	 contained	 ≤100	
reads	 total	 (i.e.	 samples	with	 little	 data)	 and	 removed	 seven	 sam-
ples	 (rows)	with	<5	OTUs	because	 these	 samples	were	 potentially	
overly	influential	 in	analyses	of	species	richness.	These	seven	sam-








(0/1)	 dataset.	 Throughout,	 our	 bias	 was	 to	 remove	 false-positive	




OTU richness and diversities
All	 community	 analyses	were	performed	 in	R	 3.3.3	 (R	Core	Team,	
2017).	We	 estimated	 species	 richness	 and	 Shannon	 and	 Simpson	
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from	 different	 biological	 species.	 Phylogenetic	 diversity	 should	
thus	 be	 a	 robust	 estimator	 of	 alpha	 diversity	 (Yu	 et	 al.,	 2012).	 To	
estimate	sample	phylogenetic	diversities,	we	used	“iNextPD”	0.3.2	






best-scoring	ML	 tree	 (-f	 a),	with	 -N	1,000	 times	 bootstrap	 and	 -p	
12,345	as	the	parsimony	random	seed.	Three	OTU	sequences	pro-

















We	 also	 visualized	 changes	 in	 community	 composition	 with	
an	 “UpSetR”	 1.3.3	 intersection	 diagram,	 an	 alternative	 to	 Venn	
diagrams	 (Conway,	 Lex,	 &	 Gehlenborg,	 2017),	 with	 a	 heatmap	
using	the	tabasco	function	in	“vegan”,	and	with	a	“betapart”	1.4–1	
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(Baselga	&	Orme,	2012)	 analysis,	which	partitions	beta	diversity	
into	 turnover	 and	 nestedness	 components	 using	 binary	 Jaccard	
dissimilarities,	which	we	visualized	with	NMDS	using	the	metaMDS 







lands,	 followed	by	mixed	plantations,	which	are	 in	 turn	 richer	 and	
more	 diverse	 than	 the	monoculture	 plantations,	with	 the	 possible	
exception	of	bamboo.




three	monocultures	 (bamboo,	 Eucalyptus	 and	 Japanese	 cedar)	 ex-
hibit	less	than	half	the	species	richness	of	native	forests	and	around	
half	the	species	richness	of	mixed	plantations	(Figure	2a).	The	pair-
wise	 differences	 between	native	 forests	 and	monocultures	 are	 all	
statistically	significant	 (Table	S2),	and	the	pairwise	differences	be-
tween	mixed	plantations	and	the	three	monocultures	are	marginally	
or	 significantly	 different	 (Figure	 2a;	 Table	 S2),	 all	 after	 table-wide	
correction.
The	 iNEXT	 analysis	 reveals	 even	 clearer	 contrasts:	 native	 for-
ests	have	the	highest	estimated	asymptotic	species	richnesses	and	
Shannon	diversities,	 followed	by	croplands	and	mixed	plantations,	
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followed	by	the	three	monocultures	(Figures	2b	and	S3).	The	iNEXT-





Using	 “iNextPD”	 to	 visualize	 phylogenetic	 coverage	 by	 land	 cover	
type	(Figure	3)	reveals	that	native	forests	and	croplands	exhibit	al-













Eucalyptus	 monoculture	 from	 the	 other	 tree-cover	 types,	 which	




The	 “UpSetR”	 intersection	 diagram	 (Figure	 4b)	 is	 consistent	
with	the	diversity	analyses	 (Figures	2,	S3	and	S4):	native	forests	
(110	 OTUs)	 and	 croplands	 (130	 OTUs)	 support	 more	 than	 2.5	
times	 the	 number	 of	 “unique	 species”	 (species	 detected	 in	 only	












type	 is	 unique	 species,	 we	 found	 that	 turnover,	 not	 nestedness,	
dominates	 compositional	 differences	 (Figure	 5;	 see	 Figure	 S7	 for	
a	 heatmap	visualization).	 In	other	words,	 the	 arthropod	 communi-
ties	in	the	monocultures	are	not	simply	subsets	of	native	forests	or	
mixed	plantations	but	contain	distinct	sets	of	species.
3.2.3 | Taxonomic compositions of and differences 
between land cover types
The	536	arthropod	species	in	our	metabarcoding	dataset	represent	
a	wide	 range	of	 arachnid	 and	 insect	orders	 and,	 thus,	 represent	 a	







Although	 the	 “boral”	 ordination	 (Figure	 4a)	 reveals	 composi-
tional	 similarity	 between	 mixed	 plantations	 and	 native	 forests,	 it	
does	not	reveal	the	taxa	that	are	most	responsible	for	this	similar-
ity,	 and	 for	 the	differences	with	 the	other	 tree-cover	 types.	With	
“metacoder”	heat	trees	(Figure	6	inset),	we	can	identify	the	taxa	that	
are	driving	 this	 similarity	 and	 the	differences,	 and	what	we	 see	 is	
that	mixed	plantations	and	native	forests	“differ	in	the	same	ways”	
from	 the	monocultures.	 (a)	 Relative	 to	 bamboo,	mixed	plantations	
and	 native	 forests	 both	 have	 slightly	more	 Lepidoptera	OTUs.	 (b)	





Lepidoptera	OTUs,	 fewer	Hemiptera	OTUs	and	 fewer	of	 the	OTU	
assigned	to	Mycetophila.	Heat-tree	differences	at	higher	taxonomic	
ranks	 (e.g.	 more	 Araneae-assigned	 OTUs)	 mean	 that	 the	 species	
which	separate	the	two	land	cover	types	differ	across	samples	but	
nonetheless	 are	 in	 the	 same	 higher	 taxon	 (e.g.	 Araneae).	 Finally,	
when	we	include	croplands	in	the	heat-tree	comparisons	(Figure	S8),	
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4.1 | Improving biodiversity conservation under the 
GFGP
Our	 study	 found	 that	 native	 forests	 support	 the	 highest	 levels	 of	
























their	 findings,	all	 three	of	 their	 tree-cover	types	 (primary	and	sec-
ondary	 forest,	 Eucalyptus	 plantation)	 contained	 large	 numbers	 of	




restoration	of	 native	 forests,	 and	when	 restoring	 native	 forests	 is	
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not	 possible,	 we	 secondarily	 encourage	 mixed-species	 plantings	
over	 extensive	monocultures,	 at	 least	 in	western	China	where	we	
conducted	 this	 study.	 The	 foundation	 of	 these	 recommendations	
is	 now	 broadened	 to	 include	 536	 species-resolution	 taxa	 ranging	
across	the	Arthropoda.	Given	the	growing	understanding	of	the	bio-
diversity	 implications	 of	 plantations	 compared	with	 native	 forests	
in	different	forest	biomes	across	the	world	(Bremer	&	Farley,	2010;	
Fierro,	Grez,	Vergara,	Ramírez-Hernández,	&	Micó,	2017),	these	rec-
ommendations	 likely	 apply	 to	other	 regions	 in	China	where	GFGP	




a	single	 time	point,	but	 the	temporal	 turnover	of	 forest	arthropod	
communities	 is	 high	 (Barsoum	 et	 al.,	 2019).	 It	 is	 possible	 that	 the	
















tive	 forests	 is	 somewhat	 surprising,	 especially	 as	 they	mostly	 just	
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4.2 | Methodological comments on 
metabarcoding and studies of biodiversity patterns
Metabarcoding	provides	an	efficient	method	for	interrogating	biodi-
versity	samples,	but	because	of	its	reliance	on	PCR,	metabarcoding	
datasets	 tend	 to	 contain	 a	 non-trivial	 amount	of	 noise.	 This	 noise	
manifests	 as	 a	 large	number	of	 false-positive	OTUs,	which	are	 fil-
tered	 out	 heuristically.	 Such	 false	 OTUs	 especially	 complicate	 ef-
forts	to	estimate	alpha	diversity.	Here,	we	applied	several	filtering	
steps	to	remove	false	OTUs,	and	we	also	used	“iNextPD”	to	generate	









tocol	of	Zepeda-Mendoza	et	 al.	 (2016;	 also	 see	Alberdi,	Aizpurua,	
Gilbert,	&	Bohmann,	2018).
With	 regard	 to	 studies	 of	 biodiversity	 patterns,	 we	 follow	
Magurran,	Dornelas,	Moyes,	Gotelli,	and	McGill	(2015;	Magurran,	
2016)	 in	 recommending	 that	we	 should	 focus	 less	 on	 explaining	
change	in	species	richness	and	more	on	explaining	change	in	spe-
cies	composition	as	a	function	of	natural	and	anthropogenic	causes.	
The	 argument	 is	 that	 anthropogenically	 disturbed	 communities	
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